23 24 2 25 Abstract 26 Amplification of high GC content genes by PCR is a major challenge during the creation of 27 recombinant GC-rich DNA constructs. This may be due to the difficulty in DNA denaturation or 28 the possibility of forming secondary structures from DNA templates. Tools have been described 29 to address the technical problems associated with the amplification of shorter sequences (<1000 30 bp). However, obstacles of synthesizing larger-sized GC-rich sequences by PCR continue to 31 exist. This study aims to investigate the amplification of long and high GC content genes by PCR 32 from the Mycobacterium bovis, a genome with GC content >60%, in comparison to amplifying a 33 gene from the Listeria monocytogenes genome, a genome with a 37.8% GC content. Three PCR 34 protocols were designed and experimented at various conditions with two M. bovis genes, 35 Mb0129, a large gene of 1794 bp with 77.5% GC content, mpb83, a smaller gene of 663 bp in 36 length with moderate GC content of 63%, together with LMHCC_RS00060, a large L 37 .monocytogenes gene of 1617 bp with a lower GC content of 41.53%. The result demonstrated 38 the superiority of the 2-step PCR protocol over other protocols in PCR amplification of Mb0129 39 when specific high fidelity DNA polymerases were used in the presence of an enhancer. The 40 study highlighted the importance of manipulating the cycling conditions to perform the 41 annealing and extension steps at higher temperatures for a successful PCR amplification of a 42 large GC-rich DNA template. The PCR protocols developed in this study can be valuable tools 43 for the amplification of long GC-rich DNA sequences for various downstream applications. 44 45 Introduction 46 The development of the polymerase chain reaction (PCR) amplification of DNA has been 47 considered a revolution in molecular biology since its discovery [1]. It is an indispensable tool in 48 both medical and biological research fields. Applications of PCR include the diagnosis of 49 infectious diseases, molecular genetic analysis, and the creation of recombinant DNA constructs 50 for protein expression purposes [2,3]. Despite being a straightforward technique, amplification of 51 target DNA sequences of high GC content (>60%) can be an obstacle to a successful PCR. GC-52 rich sequences are present in important regulatory elements of human DNA including promoters 53 and enhancers [4], in addition to some bacterial genomes characterized by high GC content such 54 as Mycobacteria and Pseudomonas [5,6]. Cloning genes of high GC content by PCR using long 55 primers can pose an extra challenge to the amplification process because of the high melting 56 temperature (Tm), added to the possibility of forming secondary structures such as hair pin, self 57 and cross dimer formation [7]. 58 Numerous studies aiming to overcome problems associated with PCR amplification of high 59 GC sequences are documented in the literature. Special consideration is given to the primers, 60 enhancer solutions and cyclic conditions. It is recommended to keep the length of the primers 61 between 15 to 30 nucleotide residues (bases) and to have the Tm between 52-58 °C. Moreover, 62 di-nucleotide repeats (e.g., GCGCGCGCGC) should be avoided to prevent hair pin structure 63 formation [7]. Designing such primers can be achieved using a commonly used program, 64 Primer3 (http://primer3.ut.ee/). The addition of enhancers can modify the melting characters of 65 the double-stranded DNA helices allowing easy separation of the strands. The most commonly 66 described in the literature are betaine, dimethyl sulfoxide (DMSO) and formamide. Betaine is an 4 67 amino acid analog that decreases the energy required for DNA strands denaturation. DMSO 68 interferes with the hydrogen bond formation preventing inter-and intrastrand reannealing. 69 However, DMSO has the drawback of reducing the activity of Taq polymerase making it is 70 important to consider maintaining a balance between template accessibility and the polymerase 71 activity [8-11]. Formamide increase PCR specificity when working with GC-rich targets [12]. 72 Modification of cyclic conditions is also considered; this includes optimizing the annealing 73 temperature, applying Hot start PCR, and using nested PCR and touchdown PCR [13].
Three protocols were used to assess the productivity of each enzyme on its own.
138 Amplification using 3-step (3St), 2-step (2St) and a 3Step with touchdown (TD) protocols were 139 attempted following the manufacturer's recommendations for the different enzymes. The 140 protocols for the 3St and 2St are represented in Table 2A , and the TD protocol is represented in 8 142 
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Touchdown PCR has been widely recommended for the amplification of high GC-content 262 genes. This method was also suggested for use in cases where the determination of primers'
263 melting temperatures is difficult [13, 15] . The advantage of the TD PCR procedure is in exploring 264 the exponential nature of PCR. Given that primer annealing and extension are very critical steps 265 for PCR, starting by annealing at higher temperatures then decreasing the annealing temperature 266 gradually gives a two-fold advantage per cycle towards the correct product synthesis [14] . As
